Abstract Chronic heart failure (HF) is associated with autonomic dysregulation characterized by a sustained increase in sympathetic drive and by withdrawal of parasympathetic activity. Sympathetic overdrive and increased heart rate are predictors of poor long-term outcome in patients with HF. Considerable evidence exists that supports the use of pharmacologic agents that partially inhibit sympathetic activity as effective long-term therapy for patients with HF; the classic example is the wide use of selective and non-selective beta-adrenergic receptor blockers. In contrast, modulation of parasympathetic activation as potential therapy for HF has received only limited attention over the years given its complex cardiovascular effects. In this article, we review the results of recent experimental animal studies that provide support for the possible use of electrical Vagus nerve stimulation (VNS) as a long-term therapy for the treatment of chronic HF. In addition to exploring the effects of chronic VNS on left ventricular (LV) function, the review will also address the effects of VNS on potential modifiers of the HF state that include cytokine production and nitric oxide elaboration. Finally, we will briefly review other nerve stimulation approaches which is also currently under investigation as potential therapeutic modalities for treating chronic HF.
Introduction
Autonomic dysregulation is a characteristic feature of heart failure (HF) manifested by increased sympathetic activity and reduced parasympathetic activity. These abnormalities in autonomic regulation have long been recognized as mediators of increased mortality and morbidity in myocardial infarction and HF [1, 2] . Results from the Autonomic Tone and Reflexes after Myocardial Infarction study (ATRAMI) and the Cardiac Insufficiency Bisoprolol Study II (CIBIS II) showed that diminished vagal activity and increased heart rate are predictors of high mortality in HF [3, 4] . In addition to increasing mortality, the sustained increased sympathetic activity and reduced parasympathetic activity also contribute to progressive left ventricular (LV) dysfunction in HF and promote progressive LV remodeling leading to intractable HF. Numerous studies in experimental models of HF in which the long-term use of beta-blockers and other anti-adrenergic agents and more recently from use of specific and selective agents that reduce heart rate through inhibition of the cardiac pacemaker current I f have shown that these agents can prevent or attenuate progressive LV remodeling [5] [6] [7] [8] .
While much of the emphasis in treating HF has over the past decade or two focused on modulation of sympathetic activity, considerable interest has emerged recently in modulating parasympathetic or vagal activity as a therapeutic target for treating chronic HF. It has long been recognized that alteration in cardiac vagal efferent activity through peripheral cardiac nerve stimulation can produce bradycardia [9] and modification in atrial [10, 11] ventricular contractile function [12, 13] . In 1991, Vanoli and colleagues showed that electrical Vagus nerve stimulation (VNS) can prevent sudden cardiac death in conscious dogs with a healed myocardial infarction [14] , and in 2004, Li et al. showed that VNS markedly improved long-term survival after chronic HF in rats [15] . Consistent with these findings, VNS has also been shown to markedly suppress arrhythmias in conscious rats with chronic HF secondary to myocardial infarction [16] . The discussion that follows will focus primarily on the effects of chronic VNS on LV dysfunction and remodeling in canines with HF produced by multiple sequential intracoronary microembolizations [17] and canines with HF produced by high-rate ventricular pacing [18] . In dogs with microembolization-induced HF, the CardioFit TM system (BioControl Medical Ltd., Yehud, Israel) was used to deliver VNS; whereas in the high-rate pacing studies, the Cyberonics system (Cyberonics Inc., Houston, TX), originally approved for drug-resistant epilepsy, was used [18] .
The cardiofit system
There are two types of efferent cardioinhibitory fibers in the cervical Vagus namely small myelinated Ad (or B) fibers and non-myelinated C fibers [19] . The minimal current required to activate B fibers with a cuff electrode, and thereby presumably increase parasympathetic tone, was shown in anesthetized pigs to be in the range of 1.5-2.0 mA range [20] . While the 1.5-2.0 mA range is sufficient to start activating B fibers, the recruitment of a larger proportion of B type nerve fibers is necessary, and hence, a higher current is required to elicit the potentially beneficial effect of vagal stimulation. However, side effects limit the current to that level and seldom allow higher amplitudes as previously shown in epilepsy and depression patients with implanted VNS devices [21] [22] [23] [24] . Hence, in order to design an electrode to stimulate cardioinhibitory vagal B fibers, care should be given to minimize any uncontrolled effects on the central circuitry that could arise from the propagation of neural activation toward the cranium caused by vagal stimulation of lower threshold fibers. The CardioFit TM Stimulation Lead (CSL) is a modified bipolar cuff electrode designed primarily for VNS (but that can be applied broadly) (Fig. 1) . The CSL activates cardioinhibitory B fibers, while maintaining a large degree of unidirectionality with respect to low threshold fibers recruited in the 1-2 mA range. This selectively unidirectional activation is a property not shared by the helical cuff electrode widely used in VNS.
The CardioFit VNS system used in the studies which is discussed in this review delivered electrical stimulation to the right cervical Vagus only when heart rate increased beyond a pre-set level, thus operating on a negativefeedback loop. The CardioFit VNS system consisted of a model 5000 electrostimulator (Fig. 1) . The stimulator or generator was fitted with a processing unit that adjusted the impulse rate and intensity to keep the heart rate within the desired range. Maximal stimulation current, pulse width and operation algorithm are controlled by the Physician Programmer via wireless communication. A standard pacemaker bi-polar ventricular electrode was used in all of the discussed animal studies for sensing the intracardiac electrocardiogram. The CSL stimulation lead and the sensing lead were connected to the nerve stimulator via a 3.2-mm IS-1 like connector. A model 5300 BioControl physician programmer was used in conjunction with the nerve stimulator to non-invasively adjust the stimulation algorithm and settings for optimal outcome of therapy in each individual case. Adjustments were made while the programming wand was placed over the implanted nerve stimulator. A model 5420 BioControl safety magnet was available and was used to turn the nerve stimulator off, if needed.
VNS study protocols in dogs with microembolizationinduced HF
Two separate studies were conducted in which the CardioFit system was used in dogs with microembolization-induced HF. In the first study, 13 dogs with a LV ejection fraction of approximately 35% were studied. Seven dogs were randomized to active monotherapy (CardioFit ON) and six to no therapy at all (Sham-operated control, CardioFit OFF). All dogs were followed for 3 months. In all dogs, a bi-polar nerve cuff electrode was surgically implanted on the right Vagus nerve at the mid cervical position. In the active group, a signal generator was implanted along with a right ventricular sensing lead and the Cardiofit device was turned on after an on/off test was performed. The feedback on-demand heart rate control was set to reduce basal heart rate by 10%. A generator and a right ventricular sensing lead were not implanted in control dogs. Data were collected just prior to CardioFit activation and again at the end of 3 months of follow-up [25] .
In the second study, a similar cohort of dogs (n = 12) were randomized to 3-month therapy with a beta-blocker alone (metoprolol succinate, 100 mg once daily, n = 6) or to metoprolol (100 mg once daily) combined with active VNS with CardioFit (n = 6). As in the first study, the CardioFit VNS system was operated in the feedback ondemand heart rate responsive mode. All dogs were treated with metoprolol for 2 weeks before randomization to VNS therapy and continued to receive metoprolol succinate once daily for the entire duration of the study [26] .
Effects of VNS with the cardiofit system on LV function and remodeling
In dogs with microembolization-induced HF, long-term VNS monotherapy significantly improved LV ejection fraction assessed ventriculographically and significantly decreased LV end-systolic and end-diastolic volumes compared to controls (Fig. 2) [25] . These functional benefits were associated with changes in minimum, average and maximum heart rate assessed over the course of 3 months from ambulatory ECG Holter monitoring. In VNS-treated dogs, minimum, average and maximum heart rate decreased by 1, 10 and 28 beats/min, respectively compared to changes in heart rate in control dogs of 2, 1 and 0.5 beats/min, respectively.
The improvement in LV systolic function following long-term VNS therapy was accompanied by improvement in the indices of LV diastolic function. VNS significantly decreased LV end-diastolic pressure compared to control (Table 1) . VNS also significantly increased deceleration time of rapid mitral inflow velocity, tended to increase the ratio of peak mitral inflow velocity during early LV filling to peak mitral inflow velocity during left atrial contraction (PE/PA) and significantly reduced LV end-diastolic circumferential wall stress, a determinant of myocardial oxygen consumption (Table 1) . These parameters, when viewed in concert, suggest that VNS can reduce preload, improve LV relaxation and potentially improve LV function without increasing myocardial oxygen consumption, all of which are desirable features in the treatment of chronic HF. The improvement in LV systolic and diastolic function and the reduction in LV volumes seen in VNS-treated dogs compared to untreated controls are consistent with the finding that plasma levels of n-terminal pro-brain natriuretic Table 1 Indices of left ventricular diastolic function in control dogs and VNS-treated dogs obtained prior to initiating therapy (PRE) and at 3 months after initiating therapy (POST) peptide (nt-pro BNP) decrease following VNS therapy compared to levels measured prior to initiating therapy and levels measured in untreated controls ( Table 2 ). In HF dogs receiving background therapy with betablockade (metoprolol succinate, 100 mg once daily), the addition of VNS to beta-blockade significantly increased LV ejection fraction and significantly decreased LV endsystolic volume compared to dogs treated with betablockade alone (Fig. 3) [26] . There were no significant differences in minimum and average heart rate between dogs treated with beta-blocker alone and those that received combination therapy with VNS. However, maximum heart rate was significantly lower in dogs treated with the combination therapy (114 ± 12 beats/min) compared to those treated with a beta-blocker alone (149 ± 8 beats/ min, P \ 0.05). These data suggest that preventing heart rate escape at the high end (reducing periods of increased cardiac workload and increased myocardial oxygen consumption) in dogs treated with VNS in combination with beta-blockade may elicit added benefits in the form of improved LV systolic function.
Effects of VNS with the cardiofit on cellular measures of LV remodeling
In dogs with coronary microembolization-induced HF, long-term VNS therapy elicited important changes in cellular and structural markers of LV remodeling. Histomorphometric assessment was performed at the end of 3 months of follow-up and included LV volume fraction of replacement fibrosis (VFRF), volume fraction of reactive interstitial fibrosis (VFIF), myocyte cross-sectional area (MCSA), a measure of cardiomyocyte hypertrophy, capillary density (CD) and oxygen diffusion distance (ODD) defined as half the distance between two adjoining capillaries [6, 27] . Compared to normal dogs, control HF dogs showed a significant increase in VFRF, VFIF, ODD and MCSA and a significant decrease in CD (Table 3) . Compared to control, treatment with VNS was associated with decreased VFRF, VFIF, ODD and MCSA and a significant increase in CD (Table 3 ). These observations suggest that VNS helps preserve myocardial structural integrity through direct or indirect action on the failing myocardium.
Effects of VNS on pro-inflammatory cytokines in dogs with HF
Increased elaboration of pro-inflammatory cytokines occurs in HF and is associated with increased morbidity and mortality. Electrical VNS has been shown to decrease the release of various cytokines including tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6) [28, 29] . In dogs with microembolization-induced HF, LV tissue levels of TNF-a and IL-6 are significantly elevated compared to LV tissue from normal dogs (Fig. 4) . Long-term monotherapy with VNS has been shown to normalize protein expression of both TNF-a and IL-6 in LV myocardium (Fig. 4) . Plasma levels of TNF-a and IL-6 are also elevated in HF dogs compared to normal dogs and are attenuated following long-term monotherapy with VNS [30] . Table 2 Plasma levels of n-terminal pro-brain natriuretic peptide (nt-pro BNP) in dogs with heart failure that were not treated (CONTROL) and dogs with heart failure treated with VNS nt-Pro BNP (fmol/ml) Fig. 3 Bar graph illustrating the change in left ventricular (LV) ejection fraction measured from ventriculograms before initiating therapy (PRE, green bars) and after 3 months of therapy (POST, black bars) in untreated heart failure control dogs, heart failure dogs treated with a beta-blocker alone (BB, metoprolol succinate, 100 mg once daily) and heart failure dogs treated with a combination of betablocker (metoprolol succinate, 100 mg once daily) and electric Vagus nerve stimulation (VNS) produced by eNOS plays an important role in the regulation of cell growth and programmed cell death as well as vasodilation and antithrombotic actions [31] . NO produced from eNOS from cardiomyocytes can enhance myocardial relaxation and regulate contractility as well as coronary perfusion [32, 33] . These properties make eNOS regulation important in HF. In dogs with coronary microembolizationinduced HF, mRNA and protein expression of eNOS in LV myocardium is significantly down-regulated compared to normal dogs [34] . Long-term therapy with VNS significantly improves the expression of eNOS [34] ( Fig. 5) . Inducible NOS is expressed by many different cell types including inflammatory cells and cardiac myocytes. iNOS has been shown to be up-regulated in humans with HF [35] . Ventricular unloading with LV assist device therapy has been shown to reduce the expression of iNOS and reduce cardiomyocyte apoptosis [35] . Overexpression of iNOS in cardiomyocytes in mice has been shown to result in peroxynitrite generation associated with fibrosis, LV hypertrophy, chamber dilation and a cardiomyopathic phenotype [36] . This overexpression also results in heart block and sudden cardiac death [36] . In dogs with coronary microembolization-induced HF, mRNA and protein expression of iNOS in LV myocardium is significantly up-regulated compared to normal dogs [34] . Long-term therapy with VNS tends to normalize the expression of iNOS in the failing dog LV myocardium [34] (Fig. 5) .
Effects of VNS on nitric oxide synthase regulation in dogs with HF

Nitric oxide (NO) is formed from the guanidine group of L-arginine in an NADPH-dependent reaction catalyzed by a family of nitric oxide synthases (NOS). Three isoforms of NOS have been identified: endothelin NOS (eNOS), inducible NOS (iNOS) and neuronal NOS (nNOS). NO
Emerging evidence suggests that the neuronal form of NOS or nNOS is present in cardiomyocytes [37] and may be associated with the ryanodine receptor calcium release channel in the sarcoplasmic reticulum [38] . This association suggests that nNOS may be capable of modulating calcium cycling and contractility [38] . nNOS has been shown to be up-regulated in rats following myocardial infarctions as well as in human failing hearts [39] . Studies in rats with HF have shown that preferential inhibition of nNOS leads to increased sensitivity of the myocardium to beta-adrenergic stimulation, a finding consistent with the concept that nNOS-derived NO production may play a role in the autocrine regulation of myocardial contractility [40] . In dogs with coronary microembolization-induced HF, mRNA and protein expression of nNOS in LV myocardium was significantly up-regulated compared to normal dogs [34] (Fig. 5) .
Effects of VNS on gap junction proteins in dogs with HF
Connexins, the protein molecules forming gap junctions, are reduced or redistributed from intercalated disks to Table 3 Histomorphometric measures in left ventricular myocardium of normal dogs, dogs with heart failure that were not treated (CONTROL) and dogs with heart failure treated with VNS lateral cell borders in a variety of cardiac diseases including HF [41] . This ''gap junction remodeling'' is considered to be arrhythmogenic [41] . Three principal connexins are expressed in cardiac myocytes, connexin-43 (Cx43), connexin-40 (Cx40) and connexin-45 (Cx45) [42] . In adult mammalian ventricles, gap junctions exclusively contain Cx43 [43] . Down-regulation of Cx43 (mRNA and protein) has been demonstrated in experimental HF models and in the failing human heart [44] . Dephosphorylation of Cx43 has also been demonstrated in the animal models of non-ischemic HF [45] . A heterogeneous 50% reduction in Cx43, similar to that of human HF, has been demonstrated to result in slowed transmural conduction and dispersion of action potential duration with increased susceptibility to arrhythmia [42] and sudden cardiac death. In dogs with coronary microembolization-induced HF, mRNA and protein expression of Cx43 in LV myocardium was markedly down-regulated compared to normal dogs [46] . Long-term therapy with VNS was associated with a significant increase in the expression of Cx43 in LV myocardium of dogs with HF [46] (Fig. 6 ).
Effects of VNS in dogs with rapid pacing-induced HF
In contrast to the CardioFit system, the Cyberonics system used in dogs with HF secondary to high-rate ventricular pacing did not operate on a feedback mechanism. Instead, VNS therapy was delivered continuously for the duration of the study with a duty cycle of 14 s ''on'' and 12 s ''off'' [18] . VNS signals were delivered at a frequency of 20 Hz and a pulse width of 0.5 ms [18] . All dogs were implanted with a right ventricular pacemaker lead and were randomized to control (n = 7) or to VNS (n = 8). A right cervical Vagus stimulator was implanted in only the active VNS group. All dogs were followed for 8 weeks. In this study, all data were collected with the animals in a sinus rate, approximately 15 min after temporarily turning off the ventricular pacemaker and the Vagus nerve stimulator [18] . In this canine model of HF, VNS therapy resulted in a significant decrease in LV end-diastolic and end-systolic volumes and a significant increase in LV ejection fraction compared to controls [18] . The improvement in LV systolic function was associated with a significant reduction in plasma levels of norepinephrine, angiotensin-II and c-reactive protein. An important finding of this study was the demonstration that VNS can restore baroreflex sensitivity [18] , thus improving cardiac autonomic control. Finally, the effects of VNS therapy in this model of HF can be viewed as being independent of heart rate because highrate ventricular pacing was used to induce HF and the pacing rate was not affected by VNS [18] .
Conclusions and clinical implications
A considerable body of pre-clinical investigations exists in support of the concept of electrical VNS as a therapeutic approach to treatment of chronic HF. In animals with HF, VNS improves LV function and attenuates progressive LV remodeling and has the potential to suppress ventricular arrhythmias and prevent sudden cardiac death. VNS derives these potential clinical benefits from multiple mechanisms of action known to improve survival in patients with HF. These include reduced heart rate, attenuation of sympathetic over-drive and down-regulation of the renin-angiotensin-aldosterone system. In addition, VNS appears to have a positive impact on other signaling pathways that are likely to also elicit beneficial effects in patients with HF. These include restoration of baroreflex sensitivity, suppression of pro-inflammatory cytokines, normalization of nitric oxide signaling pathway and suppression of gap junction remodeling. At present, there is no evidence to implicate a single mechanism of action for the benefits derived from VNS. Instead, it is most likely that all of the mechanisms listed above act in concert to elicit the global benefit seen with VNS.
